The effect of varying film thickness (h) on the amplified spontaneous emission (ASE) properties of 0.5 wt.% perylenediimide-doped polystyrene waveguides is reported. The threshold dependence on h, not previously investigated in detail, is analyzed in terms of the film absorption and photoluminescence, the confinement of the fundamental waveguide mode (TE 0 ), and the presence of high-order modes. For h < 400 nm and down to 150 nm, the ASE wavelength blueshifts, while the linewidth and threshold increase. The detrimental ASE operation in very thin films is due to the low absorption as well as to the poor confinement of the TE 0 mode.
Introduction
Numerous studies have been devoted to the search of materials with optimal properties to be applied in the development of organic solid-state lasers (OSLs) [1] [2] [3] [4] . This interest is based on the various advantages offered by organic materials: easy processability in the form of thin films, chemical versatility, wavelength tunability, and low cost. Since the discovery of stimulated emission in semiconducting polymer films [5] [6] [7] , most efforts have focused on decreasing the laser thresholds in view of using the electrical pump. Although diode lasers have not been demonstrated yet, optical excitation with cheap inorganic diode lasers [3] and even with light-emitting diodes [8] has been reported. Therefore, these lowcost and compact optically pumped lasers are by themselves useful for applications [3, 4] .
The easiest way to identify the presence of stimulated emission in a certain organic material and to evaluate its potential for laser applications consists of characterizing its amplified spontaneous emission (ASE) when deposited as a thin film in a waveguide configuration [2, 9] . Typically, active films are photopumped with a pulsed optical source, aiming to identify a collapse of the width of their photoluminescence (PL) spectra at a certain pump intensity. This spectral narrowing is normally accompanied by a large enhancement of the output intensity and accounts for the presence of gain due to stimulated emission. In addition, this technique is the most convenient for comparing the performance of different materials since it allows separating variations due to the material from those due to the resonant cavity.
The ASE properties of films of a wide variety of organic materials have been reported in the literature [2] [3] [4] . Many of them have also been used to build laser devices, including resonators of various kinds, i.e., microcavities, distributed feedback (DFB) structures, microrings, etc. Among all these materials, our group has focused in the last years in polystyrene (PS) doped with perylenediimide derivatives (PDIs) [10] [11] [12] [13] , mainly due to their excellent thermal and photostability properties, as well as their high PL quantum efficiencies. In addition, these materials are particularly interesting in the field of data communications based on polymer optical fibers because they emit at wavelengths around 570 nm, inside the second low-loss transmission window in poly(methylmethacrylate). The optical properties (i.e., absorption, PL emission, and ASE) for various PDI derivatives with different chemical structure were first investigated in solution and dispersed in PS in the form of thin films. It was concluded that PDIs substituted at the imide nitrogen positions had the best performance [10] . Then, with one of these derivatives, the effect on the ASE properties of changing the PDI concentration in the film was investigated. The lowest thresholds and longest photostability half-lives were obtained with doping PDI percentages between 0.5 and 1 wt.% [11] . Recently, these materials were used to prepare very efficient and photostable second-order, onedimensional DFB lasers, with gratings on the substrate [12] and on the active film [13] . Despite all this work, the dependence of the ASE properties of PDIdoped PS films on film thickness (h) has not been studied.
In fact, in the general context of OSLs, there have been just a few investigations about the film thickness dependence of the ASE properties of organic waveguides [14] [15] [16] [17] . These reports have focused on tuning the ASE emission wavelength (λ ASE ) by changing h. It was shown that when h was close to the cutoff thickness (h cut-off ) for the propagation of one mode, λ ASE shifted to shorter wavelengths. Tuning ranges up to around 30 nm were achieved with various semiconducting polymers [14] [15] [16] , while shorter values (13 nm) were obtained with PS doped with 15 wt.% of the organic molecule TPD [17] . However, ASE threshold data were only provided in two of these publications [16, 17] . It was found that threshold increased up to around one order of magnitude when decreasing film thickness. In [17] , this increase was interpreted in terms of the confinement of the waveguide modes. But other parameters that might play a role, such as the absorption and PL emission of the film or the presence of high order modes, were not considered.
Despite the limited amount of information regarding the film thickness dependence of the ASE properties on waveguides, there have been numerous reports investigating the influence of this parameter in the context of organic DFB lasers [13, [18] [19] [20] [21] [22] . This is because varying h constitutes the simplest way to tune the emission wavelength (λ DFB ) of the devices, tunability being one of the most attracting properties of organic materials as laser active media. However, there is an important difference between ASE and DFB emission when analyzing this effect. In the case of waveguides without resonator, for a wide range of thickness (far from h cut-off of the TE 0 mode), λ ASE appears at approximately the same spectral position (very close to the maximum of the gain spectrum). On the other hand, in DFB lasers, λ DFB is determined by the grating period and by the effective index (n eff ) of the film. This latter parameter depends on the thickness and refractive index of the active film, the refractive index of the substrate and the cladding layer, and the wavelength of the light propagating along the waveguide. So whenever h increases (for a given period), λ DFB also increases. The available tuning range is limited by the gain spectral width and at lower wavelengths by the overlap with the absorption spectrum. Consequently, in the literature in which the influence of h on the DFB emission threshold has been analyzed, results have been explained in terms of the proximity of the emission wavelength to the maximum of the gain spectrum [13, [18] [19] [20] [21] [22] . In some cases, it was suggested that some other parameters, such as the confinement of the waveguide mode [13, 18] or the presence of competing higher order modes [19] , could play a role. However, a detailed analysis at this respect was not done.
In addition, there is another parameter that might considerably influence the thresholds of both ASE and DFB emission that has not generally been considered before. That is the fact that optical absorption, and consequently PL intensity, varies significantly when h is changed. In this respect, the behavior will be different depending on the type of active media. Two extreme cases would be (1) lowabsorbing materials, such as inert polymer films doped with a small percentage of active molecule and (2) highly absorbing materials, such as neat active molecular or polymer films. In the first case, the intensity of the excitation beam over the sample would keep practically constant with depth, so absorption and PL intensity would increase linearly with h. On the other hand, for highly absorbing materials, the intensity of the pump beam would decay rapidly with depth, so after a certain h value, the absorbance, and consequently the generated PL intensity, would no longer increase. PS films doped with 0.5 wt.% of PDI belong to the first category, while semiconducting polymers, which have been the most widely studied systems in the last few years, fall in the second category.
Within this context, we aimed to investigate in detail the influence on the ASE properties (i.e. emission wavelength, linewidth, and threshold) of changing film thickness in PDI-doped PS waveguides. The effect on the threshold, not previously investigated in detail, has been analyzed in terms of film optical absorption and PL emission, the confinement of the fundamental waveguide mode, and the presence of high-order modes.
Experimental Methods
The samples were prepared by the spin-coating technique. Toluene solutions containing PS (Sigma Aldrich, M w 35000 g∕mol) as an inert polymer, doped with 0.5 wt.% of the PDI derivative N, N'-di-(1-hexylheptyl) perylene-3,4:9,10-tetracarboxylic diimide, PDI-C6 (LambdaChem, M w 755 g∕mol), were prepared and cast over transparent SiO 2 substrates. The chemical structure of PDI-C6 is shown in the inset of Fig. 1 . The percentage of PS with respect to the solvent was adjusted in order to obtain h values between 90 and 1200 nm. h was measured by means of an interferometer coupled to an optical microscope. Films of good optical quality (transparency and homogeneity) were found to be stable for many months when stored at room temperature in air and in the dark.
These films constitute asymmetric planar waveguides since their refractive index (n f ) is larger than that of the SiO 2 substrate (n s ) and the cover (air, n c ).
Since the concentration of PDI-C6 is very small, n f was calculated from the dispersion relation of undoped PS films, given by n f A B∕λ 2 C∕λ 4 , with A 1.5691, B 0.0052, C 0.0007, and with λ expressed in micrometers [23] . Concerning n s , it was obtained from n 2
, where A 1 1.0245, A 2 0.0422, C 1 0.1355, C 2 0.0289, and with λ expressed in micrometers. This latter dispersion relation was experimentally determined by fitting data measured at various wavelengths, provided by a mercury lamp, with an Abbe refractometer. Particularly, at λ 579 nm, n f 1.59 and n s 1.46. The waveguiding properties of the films were both measured and modeled. Experimental n eff values associated with the transverse electric (TE) and transverse magnetic (TM) modes propagating in the structure were determined by the m-line technique [24] , using as a light source a mercury lamp emitting at λ 578 nm. Theoretical n eff values were calculated by solving the propagation wave equation, following well-known methods [17, 25] .
Absorption measurements were carried out in a Jasco V-650 spectrophotometer. The absorption coefficient for a film of thickness h, at a given wavelength α λ , was calculated according to α λ 2.3 A λ ∕h, where A λ was the absorbance. This expression was obtained from A λ − logI∕I 0 , in which I and I 0 were the transmitted and incident beams respectively and, considering the Lambert-Beer's law, given by I∕I 0 exp−αh. Standard PL spectra were obtained in a Jasco FP-6500/6600 fluorimeter, collecting the transmitted beam at a 45°angle. The excitation wavelength was 491 nm, instead of the 532 nm beam used in the ASE experiments, in order to reduce the overlap between absorption and emission.
The ASE properties of the films were explored by optical excitation with a frequency-doubled Nd:YAG (YAG-yttrium aluminum garnet) laser (10 ns, 10 Hz) operating at 532 nm, which lays close to the maximum absorbance of PDI-C6. A scheme of the experimental setup can be found in [26] . The energy of the pulses was varied using neutral density filters. The pump laser beam was expanded and collimated, and only the central part was selected in order to ensure uniform intensity. A cylindrical lens and an adjustable slit were then used to shape the beam into a stripe of approximately 530 μm by 3.5 mm. The stripe was placed right up to the edge of the film, from where PL emission was collected with an Ocean Optics USB2000-UV-VIS fiber spectrometer with 600 grating lines and a resolution in determining the emission linewidth of 1.3 nm. The precision in measuring the emission wavelength is around half of this value.
Results and Discussion
A. Absorption, PL, and ASE Spectra ASE was observed in 0.5 wt.% PDI-C6-doped PS films for a range of film thickness between 150 and 1200 nm. As an illustration, Fig. 1 shows the ASE spectrum obtained for a PS film with h 1070 nm. The absorption and PL spectra of the film have also been included in the figure. ASE takes place at a wavelength close to the peak of the 0-1 PL transition. These results are comparable to those previously reported for a 1 μm thick PS film doped with 0.75 wt.% of a similar derivative, N, N'-di(10-nonadecyl)perylene-3, 4:9, 10-tetracarboxylic diimide, denoted as PDI-N [11] . The chemical structure of PDI-C6 differs from that of PDI-N only in the length of the chains attached to the imide N positions. Figure 2 displays the spectral linewidth, defined as the full width at half of its maximum (FWHM) as a function of pump intensity for the same film whose spectra are shown in Fig. 1 . This type of plot was used to determine the ASE threshold (I th-ASE ) as the excitation intensity at which the FWHM decays to half of its maximum value. The existence of gain results not only in a spectral narrowing at the threshold, but also in a considerable increase of the output intensity, as also shown in Fig. 2 .
B. Waveguide Characterization and Modeling
Before discussing the effect of changing h on the various ASE parameters, we present the results obtained in relation to the characterization and modeling of the waveguide properties of the films since they will be needed for that purpose.
Effective indices (n eff ) for the TE and TM modes, calculated with the propagation wave equation at 579 nm [17, 25] , are represented in Fig. 3 as a function of h. From these plots, some useful information can be obtained, such as the number of modes propagating in the waveguide for a given h and the minimum h needed for a certain mode to propagate in the waveguide, denoted as cut-off thickness (h cut-off ). The one related with the fundamental mode, h cut-off TE 0 149 nm, plays an important role when trying to tune λ ASE , as discussed below. For higher order modes, the calculated h cut-off values are 600 and 1050 nm for the TE 1 and TE 2 modes, respectively.
Experimental n eff values for various films are also represented in Fig. 3 . As observed, calculations and experiments are in good agreement.
C. Thickness Dependence of the ASE Wavelength and Linewidth
The influence on the ASE wavelength (λ ASE ) of changing h is depicted in Fig. 4 . A tuning range of around 4 nm (i.e., λ ASE varying between 575.5 and 579.5 nm) was achieved. Two regimes were observed: (1) For h > 400 nm, λ ASE appears at a wavelength around 579.5 nm, and (2) for h < 400 nm and down to 150 nm, λ ASE decreases rapidly, reaching a minimum λ ASE value of 575.5 nm. No ASE was observed for films with h ≤ 130 nm.
In accordance with previous reports with other materials [14] [15] [16] [17] , the rapid decrease in λ ASE observed in regime (2) is attributed to the proximity of h to h cut-off TE 0 (149 nm in this case). In order to satisfy the cut-off condition for a given thickness, emission is forced to emit at a lower wavelength. The tuning range obtained here is rather small (Δλ ASE ∼ 4 nm), mainly because the threshold increases drastically when using very thin films, as discussed in detail in Subsection 3.D. The limitations in these materials to tune λ ASE arise from the fact that optical absorption is low due to the small doping ratios used. This is in contrast with highly absorbing films, such as semiconducting polymers, in which larger tuning ranges can be obtained [14] [15] [16] .
The effect on the ASE linewidth (FWHM ASE ) of changing h is also illustrated in Fig. 4 . Similar FWHM ASE values (around 6 nm) were obtained for h > 300 nm. The increase observed for the thinnest films, up to 18 nm, coincides with the blue shift of λ ASE and the corresponding increase in threshold. This type of behavior is similar to that reported for other materials [15] , although in that case, changes in linewidth were observed for film thickness below the cut-off thickness. Figure 5 shows the effect of changing h on the ASE thresholds (I th-ASE ), determined from plots like the one displayed in Fig. 2 . Similar I th-ASE values (between 13 and 15 kW cm 2 ) were obtained for h ≥ 400 nm, while a rapid increase was observed when h decreases, reaching values as large as 1000 kW∕cm 2 for the thinnest film with h 170 nm. This type of dependence is similar to that reported in the two publications where ASE threshold data as a function of h are provided [16, 17] . However, in those cases, a difference of around one order of magnitude between the highest and the lowest I th-ASE value was found, in contrast with the two orders of magnitude difference found in the present case. This is mainly due to the low absorption of our materials. In TPDdoped films, the increase in threshold when decreasing h was explained in terms of the confinement of the fundamental mode [17] . Here, results have been interpreted by considering the influence of this parameter as well as two other aspects-the optical absorption and PL emission of the film, as well as the presence of high-order modes. As far as we know, the influence of these parameters has not been previously investigated in the context of ASE in organic waveguides.
D. Thickness Dependence of the ASE Threshold

Influence of Film Optical Absorption and PL Intensity
As shown in Fig. 6 , the dependence on h of both the absorbance (A) at the 532 nm excitation wavelength and the total PL emission intensity (area under the PL spectrum) is approximately linear. This is because the PDI doping ratio used in the films is very small (0.5 wt.%). So, the intensity of the excitation beam over the sample decays slowly with depth. This is illustrated in the inset of Fig. 6 , which represents the variation of the pump beam intensity [I p d], normalized by its initial value at the air-film interface [I p 0], as it travels through the film, given by I p d∕I p 0 exp−αd, where d is the distance from the air-film interface. The absorption coefficient at 532 nm, obtained from the absorbance fit shown in Fig. 6 , was α 532 nm 1180 cm −1 .
In order to quantify the influence on the threshold of the variation of the PL intensity, a parameter called "normalized threshold" (I norm th-ASE ), defined as the product of the ASE threshold by PL intensity, has been plotted in Fig. 7 for all the devices. This normalization has been performed by considering the PL emission value predicted by the linear fit (see Fig. 6 ) rather than using the experimental values. If the variation of PL intensity (due to different absorption) were the only relevant factor in determining the observed dependence, I norm th-ASE should be constant with h. Results show that the variation of emitted PL intensity with thickness contributes significantly to the increase in threshold observed in very thin films, given that the difference between the highest and lowest I norm th-ASE values is not as large as in the case of the non-normalized I th-ASE ones (150 and 1000, respectively). However, I norm th-ASE is still larger in the thinner films. In addition, it is also observed that for very thick films, I norm th-ASE increases slightly. Such increase could not be identified in the threshold (non-normalized) behavior. As a result of this analysis, it is concluded that the variation of emitted PL intensity is a parameter that plays an important role in the threshold variation with film thickness. Moreover, for a proper discussion of the effect of other parameters related with light propagating in the waveguide, thresholds should be normalized in order to eliminate that influence. Therefore, in what follows, discussion will be done in relation with I norm th-ASE , rather than with I th-ASE .
2. Influence of the Confinement of the Fundamental TE 0 Waveguide Mode The confinement of the TE 0 mode has been quantified by calculating the light penetration depth into the substrate (x s ) and into the cover (x c , air) by using a simple ray model [25] . The quantity (x s x c ), plotted in Fig. 7 as a function of h, is an indicator of the degree of confinement of the TE 0 mode [17] -a large penetration depth means a low confinement of the mode and consequently high losses and a high threshold. As observed, for h < 600 nm, the type of dependence of this parameter on h is similar to that of the I norm th-ASE , indicating its important role in its behavior, particularly for very thin films. For h∼300nm, the penetration in the surrounding media of the only mode propagating in that case (TE 0 ) is as large as the thickness of the waveguide; thus, mode confinement is poor. The situation gets worse for thinner films. On the other hand, for thicker films, the penetration depth decreases, becoming small when compared to h. So, in this regime, its influence on the threshold is negligible. Therefore, the increase in I norm th-ASE observed in Fig. 7 for h > 600 nm cannot be explained in terms of this parameter, since in this regime it remains practically constant. The confinement of the TE 0 mode can also be analyzed by looking at the electric field profile in the waveguide structure [see Fig. 8(a) ].
In summary, with respect to the influence of the confinement of the TE 0 mode, the poor confinement is the reason for the increase in the normalized threshold observed in films thinner than around 300 nm. For thicker films, this parameter does not play any important role.
Influence of the Presence of High-Order
Waveguide Modes (TE 1 and TE 2 ) The increase in I norm th-ASE observed in Fig. 7 for h > 600 nm seems to be due to the presence of high-order modes. This hypothesis is supported by the fact that 600 nm is the h cut-off value for the TE 1 mode (see Subsection 3.B). So in films with h > 600 nm, part of the light would travel in first-order modes, which results in an increase of I norm th-ASE . This can be explained in terms of the waveguide losses, which are larger for these modes. This is illustrated in Fig. 8(b) , which shows the electric field profile for the TE 1 mode in waveguide structures of h 800 nm and h 1070 nm. For clarity, the profile of the TE 0 mode has not been plotted in this figure, although for comparison purposes, it appears in Fig. 8(a) for the film with h 800 nm. As observed, TE 1 modes travel mainly at the interfaces, so their losses are much higher than those of the TE 0 mode.
Similarly, for h > 1050 nm, which is the h cut-off value for the TE 2 mode, second-order modes would be able to propagate in the waveguides. However, no significant changes in the behavior of I norm th-ASE were observed above this thickness. The electric field profile of the TE 2 mode has also been plotted in Fig. 8(b) for the film with h 1200 nm. As observed, the losses associated with this mode were also large, particularly at the interface with the substrate.
The influence of this parameter on the ASE threshold of organic waveguides has not been previously considered. In fact, in those works that reported ASE threshold data as a function of film thickness [16] [17] , no significant changes in threshold were observed in thick films, although threshold normalization to eliminate the influence of different absorption and PL emission was not done. Moreover, optical absorption in those materials was higher, so one would expect saturation effects above a certain film thickness.
It can be concluded that the presence of higher order modes is detrimental in the ASE performance in terms of threshold. Nevertheless, the effect is not very significant and in fact cannot be appreciated in the experimental threshold values (non-normalized) since it is masked by the absorption and PL efficiency of the films that also vary with film thickness.
Conclusions
The effect of changing film thickness (h), between 150 and 1200 nm, on the ASE properties of low-absorbing organic waveguides, based on PS doped with 0.5 wt.% of a PDI derivative (PDI-C6), has been investigated in detail. Films with h > 400 nm showed ASE at λ ASE ∼ 579 nm, with FWHM ASE ∼ 6 nm and I th-ASE ∼ 14 kW∕cm 2 . For h < 400 nm, λ ASE decreases and FWHM ASE increases, reaching for h 150 nm, values of around 575 and 18 nm, respectively. This behavior is explained by the proximity of h to the cut-off thickness for the propagation of the TE 0 mode. The small tuning range achieved (Δλ ASE ∼ 4 nm) is as a consequence of the low absorption of the materials, which results in a large increase in I th-ASE , up to 1000 kW∕cm 2 , for the thinnest film.
The threshold dependence on h, not previously investigated in detail, has been analyzed in terms of various parameters. Results have shown that (1) film optical absorption and PL emission contributes significantly to the large increase in threshold observed in thin films and needs to be considered for a proper analysis of the effect of factors related with waveguide propagation, (2) the confinement of the TE 0 mode is responsible (in combination with the low absorption) for the increase in threshold observed in thin films, and (3) the presence of high-order modes, for h above the cut-off thickness for the propagation of the TE 1 mode, leads to a slight increase in the threshold.
These results are useful for optimizing the laser threshold of DFB devices based on low-absorbing active materials, such as inert polymer films doped with small percentages of active molecule, in which the laser wavelength is tuned by h variation.
